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HONEYWELL INC. 

SOLID STATE ELECTRONICS DIVISION 
CONTRACT NO. NAS3-34769 
MODIFICATION NO. 5 


RESEARCH OF PRESSURE INSTRUMENTATION FOR NASA SPACE SHUTTLE MAIN ENGINE 
Monthly R & D Progress Report April 1984 - Report No. 7 


A. Technical Progress and Plans 

- See attachment 'A* 

B. Schedule 

- See attachment 'B' 

C. Status of Funds 

Total Baseline Plan 
Total Funded 

Cost Incurred to 5/06/84 
Inception to Date Plan 
Estimate at Completion 

D. Estimated percent of physical completion: 56% 

E. At the present time the comparison of the cumulative costs to the percent 
of physical completion does not reveal any significant variance requiring 
explanation. 


ATTACHMENT 'A' 

RESEARCH PRESSURE INSTRUMENTATION 
FOR 

NASA SPACE SHUTTEL MAIN ENGINE 
HONEYWELL, INC. 


1.0 Introduction and Objective 

The first phase of this contract (Tasks A and B) resulted in a highly suc- 
cessful demonstration in April 1983 at the MSFC of Honeywell's breadboard 
feasibility model of a silicon Pi ezoresistive Pressure Transducer suitable 
for SSME applications. 

The purpose of Modification No. !5 of this contract is to expand the scope 
of work (Task C) of this research study effort to develop pressure instru- 
mentation for the SSME. The objective of this contract (Task C) is to 
direct Honeywell's Solid State Electronics Division's (SSED) extensive 
experience and expertise in solid state sensor technology to develop proto- 
type pressure transducers which are targeted to meet the SSME performance 
design goals and to fabricate, test and deliver a total of 10 prototype 
units . 

SSED's basic approach is to effectively utilize the many advantages of 
silicon piezoresisti ve strain sensing technology to achieve the objectives 
of advanced state-of-the-art pressure sensors in terms of reliability, 
accuracy and ease of manufacture. More specifically, integration of 
multiple functions on a single chip is the key attribute of this technology 
which will be exploited during this research study. 

The objectives of this research study will be accomplished by completing 
the following major tasks: 

1. Transducer Package Concept and Materials Study 

Three transducer design concepts will be generated and analyzed 
for the SSME application and materials/processes will be defined 
for the research prototype transducer design. 

2. Silicon Resistor Characterization at Cryogenic Temperatures 

The temperature and stress properties of a matrix of ion 
implanted piezoresistors will be characterized over the tem- 
perature range of -320°F to +250®F. 

3. Experimental Chip Mounting Characterization 

The mechanical integrity of chip mounting concepts will be eva- 
luated over temperature, pressure and vibration. 

4. Frequency Response Optimization 

This task is a paper study which will specify and analyze an 
acoustic environment for which transducer frequency response can 
be determined and optimized. 
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5. Prototype Transducer Design, Fabrication, and Test 

This major task will use the results generated in Tasks 1 
through 4 above to design and develop a research prototype 
pressure transducer for the SSME application and will 
culminate in the delivery of 10 transducers, 5 each for the 
ranges of 0 to 600 psia and 0 to 3500 psia. This task is 
subdivided into the following five areas: 

- Feasibility Evaluation of Transducer Concept 

- Prototype Transducer Design 

- Prototype Transducer Fabrication and Test 

- Prototype Qualification 
“ Prototype Delivery. 

6. Reports 

Honeywell will submit monthly progress reports during the 
period of the contract; a final report will be provided at 
the completion of the contract. 

The format of this report will be to discuss the work 
performed for this reporting period and the plans for the 
next reporting period for each of tne major tasks outlined 
above. 


2.0 Work Performed and Plans 

In addition to the progress reported below, we completed an on-site, 
six (6 ) month Program Review at NASA/MSFC on 4/12/84. Copies of our 
presentation view-graphs were left with Mr. T. Marshall and the meeting 
attendees; therefore, the entire presentation is not included again in 
this report. However, I have included, in Attachment 'C, some 
selected view-graphs which outline and summarize our presentation. 

Three technical issues were presented at our 4/12/84 review meeting. 

See Attachment *C. The resolution of the "Chip Design/Fabrication" 
and "Diaphragm Shaping" issues are covered in the sections below. The 
issue entitled "Chip Mounting Material" is not resolved as planned; 
however, critical experiments are underway to achieve that resolution. 
See Sections 2.3.1 and 2.3,2 for more detail. 

2.1 Transducer Package Concept and Materials Study 

This task was completed per plan during January 1984. 
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2.2 Silicon Resistor Characterization at Cryrogenic Temperatures. 

2.2.1 Work performed in April. 

The major accomplishment during this reporting period was the 
resolution of the helium cryostat performance issue. This was 
achieved with the help of an engineer from Janis Research who 
was on-site at SSED until the problem was resolved. The 
failure mode was the burn-out of a heater coil which controls 
the temperature of the helium vapor and ultimately the tem- 
perature of the test samples. 

A trial run was successfully completed which verified the 
system performance over the temperature range where failure had 
previously been experienced. This allowed the characterization 
of test samples to start at cryogenic temperatures. To date, 
one run for data acquisition from test samples has been 
completed. The data has not been reduced or displayed, at this 
time, however, a cursc'^y review of the raw data does not reveal 
any unexpected characteristics. 

The delay in achieving an acceptable operational status of the 
cryostat has adversely impacted the schedule for completing 
this task; however, it will not have an adverse inpact on the 
design schedule of the design task for the feasibility sensor. 
See Section 3.0 for more details* 

2.2.2 Plans for May 

The plans are as follows: 

- Complete the characterization of the test samples at 
cryogenic temperatures. 

- Reduce and display the results from this characterization 
testing in support of selecting a dose for the feasibility 
sensor design. 

- Select the implant dose to be used in the feasibility sensor 
design. 

- Close this task. 

2.3 Experimental Chip Mounting Characterization 

2.3.1 Work perforn^ed in April 

The design of the experimental sensor (electrically non- 
functional) piece-part hardware was completed except for the 
mounting details of the electrical connector. The vendor has 
located detailed, interface drawings for the connector of 
interest and will be forwarding them to us within the next few 
weeks . 


The fabrication of the piece-part hardware for the experimental 
sensor continued during this reporting period. The status of 
this activity is as follows: 

- Stainless steel housing: Complete except machinery for the 

electrical connector. 

- Stainless steel base: Comfilete 

- Metal C-ring: Receiy^ 

/ 

- Silicon nitride^piart: Ordered 

- Pyrex cover^z/lass: Ordered 

- Pyrex washer: Ordered 

- Au/Ge performs: Ordered 

- Invar mounting plate: Ordered 

Regarding the development of assembly processes for Concept #5, 
it was established during the previous reporting period that 
TE bonding could not be used to attach the sensor chip to 
silicon-nitric'e. Therefore, some alternate assembly concepts 
were developed, one of which was discussed in last month's 
report. See Attachment 'O' (Alternate D). The concern here is 
the potential performance degradation that may be caused by 
creep in the Au/Ge solder joints. Fabrication has started for 
test samples to determine the existence of solder creep and its 
impact on sensor performance. 

Concepts for three (3) additional assembly configurations have 
been developed which use only silicon and pyrex materials. See 
Attachments 'E', 'F', 'G'. Alternate configurations A and B in 
Attachments 'E' and 'F' use TE bonding exclusively. Alternate 
B in Attachment 'G' uses a Au/Ge solder joint to attach the two 
pyrex pieces. While there is concern about solder creep here, 
as well as with Alternate D, the impact is expected to be less 
because the joint is further removed from the sensor chip. 

Finite stress analyses were completed for the structures 
depicted in Attachments 'E' - 'G'. 

The primary structural concern is the fracture of the pyrex or 
silicon components under pressure loading. Tensile stress 
levels in the various components can reach 10,000 to 16,000 
psi ir; localized areas when exposed to the 20,000 psi over- 
pressure load. With pyrex, structures should be designed to 
keep surface tensile stress levels less than « 10,000 psi. The 
main area of concern with the alternatives in Attachments 'D' - 
‘G‘ is the pyrex window where surface stresses are > 10,000 psi 
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in localized spots when the system is loaded to 20,000 psi. 

It is not clear at this time what the best design approach is 
in order to assure that the glass cover has adequate strength 
under 20,000 psi overpressure loading. Fur\;her work on these 
approaches will not be pursued until the outcome of the solder 
creep experiments has been evaluated. 

2.3.2 Plans for May 

The plans are as follows: 

- Receive prints for electrical connector from Deutsch 
Connector Co. 

“ Complete design of Stainless Steel Housing. 

" Complete design and start the fabrication of these test 
fixtures: 

• Vibration testing 
» High pressure testing 
» High pressure leak checking 

- Complete design of Stainless Steel Housing upon receipt of 
the interface drawings from Deutsch. 

- Complete test sample fabrication for the solder creep 
experiments and start the testing and evaluation of results. 

- Continue the development of assembly processes. 

•" Start assembly of the sensor mounting subassembly. 

2.4 Frequency Response Optimization 

This task was completed per plan in February 1984. 

2.5 Temperature Sensor Network Concept Study. 

This task was deleted when the contract was negotiated. 

2.6 Prototype Transducer Design, Fabrication and Test 
2.6.1 Feasibility Evaluation of Transducer Concepts. 

2. 6, 1,1 Define/Finalize Concept for Feasibility Transducer. 

.1 Work performed in April 

Two chip designs were defined that will satisfy the 20,000 psi 
overpressure rating and provide output signals that are 
expected to meet the pressure sensitivity design goal. The 
designs are as follows: 


• 100 MIL thick silicon chip with a 40 MIL diameter, 15 
MIL thick etched diaphragm (See Attachment 'H-1', 

• 35 MIL which' silicon slab (See Attachment 

The radial (or) and tangential (og) surface stress levels 
are shown as a function of radial position in Attachment 
and 'J' for a 10,000 psi pressure load. The sensor output 
is proportional to the value of (ag - 0 [^) at the location 
of the piezoresistors. The (09 - or) curves in Attachments 
and 'J* together with the vertical axis on the right 
side of each figure give an indication of the expected 
bridge sensitivity as a function of the radial position of 
the bridge piezoresistors. 

With both chip designs, the diaphragm is being defined by 
the inner diameter of the support ring (See Attachment 'H') 
and [o 0 - Or] has a maximum value near the edge of this 
diaphragm. However, the 100 MIL thick chip with an etched 
diaphragm also has a relative maximum of (09 - or) in the 
region between the etched diaphragm and the inner edge of 
the support ring. The main disadvantage of the structure 
in Attachment 'H-^2' is that the wire bonds, low TCR 
resistors, and metal interconnect must all be on surface 
areas that are being stressed. (See Attachment '0'.) With 
the etched diaphragm, the low TCR resistors, wire bonds and 
metal interconnects can be placed in regions with lower 
surface stress than for the case of the slab. The etched 
diaphragm does not offer stress free regions as was thought 
would be the case. Attachment 'K-1' compares the advantages 
and disadvantages of the two sensor design approaches. With 
either design, special silicon wafers are needed since both 
thicknesses are much greater than the standard material 
being turned out in volume today for the semiconductor 
industry . 

The foregoing discussion presented two design approaches 
that satisfy the design goals for the highest pressure range 
sensor in SSME pressure sensor family, i.e., 9000 psi. For 
the purposes of designing and building the feasibility sen- 
sors as well as the deliverable sensors (600 psi, 3000 psi), 
we have selected the slab design approach. The primary 
reasons for this decision are: 

• Two design approaches have been exercised to the extent 
that the design data supports the conclusion that this 
technology approach is capable of meeting the mechanical 
and sensitivity requirements of the 9,000 psi sensor. 

(See Attachments ‘H’ - 'J'.) 


• The fabrication of a 9,00^psi sensor is beyond the scope 
of the current contract. This activity could be pursued 
in a follow-on contract or by adding scope* funding, and 
schedule to the current contract. 

• The slab design approach, using starting materials and 
process fixturing that are considered standard in the 
industry, will meet the design requirements for the 600 
psi and 3500 psi sensors. 

.2 Plans for May 

The plans are as follows: 

- Start the layout of the sensor design in support of mask 
fabrication. 

- Procure silicon starting material to support the fabrication 
of the feasibility sensor. 

- Complete a replan of this task 
2.6.1. 2 "Prototype" Transducer Design 

.1 Work performed in April 

The follaowing activities were completed during this reporting 
period: 

• Define the most promising plumbing configuration between 
sensor and the SSME port. 

• Developed frequency response characteristics when gaseous 
medium is oxygen. 

• Defined design guidelines for the use of side-ports to 
reduce the amplitude of acoustic resonances. A 
discussion of the details of these items is provided in 
the paragraphs to follow. 

The best plumbing configuration with respect to avoiding low 
frequency acoustic resonance is where the sensor housing 
cavity has a diameter of 0.9 cm which is 0.076 cm (“30 MIL) 
greater than the diagonal of the silicon sensor chip. The 
fundamental resonant frequency (i.e., lowest reasonant 
frequency) of this plumbing configuration increases as the 
length of the sensor housing cavity decreases. The approxi- 
mate variation of fundamental reasonant frequency with sensor 
housing cavity length is shown in Attachment 'K-2'. The value 
of Fo, the resonant frequency of the SSME test fixture port 
(i.e., section of length L(2)), will vary with the type of gas, 
temperature, and pressure. For example, with oxygen at 273 K 
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and F=10® dyne/cm^, the value of F© is ~5000 Hz. The calcu- 
laced acoustic.frequency response for an oxygen gas medium at 
and P=»10° dyne/cnf is shown in Attachments 'L* and 'M' 
for two different values of the sensor housing cavity length 
L(l), As indicated, the fundamental resonant frequency shifts 
from ~3000 Hz to ~2000 Hz as L(l) is increased from 1 cm to 
2.425 cm . Thus, a basic de $- ign goal for the pressure transducer 
is to keep the length LOT^oi the sensor housing' cavity as 
small as possible . 

By keeping the diameter of the sensor housing cavity at the 
minimum value needed to clear the corners of the silicon sensor 
chip (i.e., diameter = 0.9 cm), low frequency resonances due to 
Helmholtz structures can be avoided. This is demonstrated in 

Attachment 'N' where a small diameter port at the entrance to 

the sensor housing cavity causes an acoustic resonance at '-1000 
Hz versus > 2000 Hz without such a port. 

The use of baffles in the sensor coupling port, to reduce 
adiabatic heating effects of pressure pulses, could cause low 

frequency resonances through the formation of a Helmholtz 

cavity. Proper design and placement of such baffles can 
maximize the fundamental resonant frequency and permit reduc- 
tion of adiabatic heating effects. 

In summary, the most promising plumbing configuration is as 
shown in Attachments ‘L' and 'M' with the length L(l) mini- 
mized within the constraints imposed by the packaging require- 
ments. 

The effect of gas temperature on the coupling structure shown 
in Attachment 'L' is as shown in Attachment 'O'. As the 
temperature decreases, the acoustic velocity decreases. 
Therefore, the wavelength corresponding a certain frequency 
decreases, and the acoustic resonance frequency spectrum shifts 
to lower frequencies. With the large diameter tubes of 
Attachments 'L' and 'M' the effects of viscous damping are not 
significant. However, if tube segements with a diameter of _< 

1 mm are included in the coupling structure, increased damping 
with increased temperature would also result. 

Side-ports can be used to reduce the amplitude of acoustic 
resonances. (See attachments 'P' and 'Q'.) The main design 
goal with respect to the use of Helmholtz resonator side-ports 
is to have the resonant frequency of the Helmholtz resonator 
track the resonance of the main coupling structure as the gas 
parameters vary. Since the resonant frequency of these two 
structures are both linearly dependent on the acoustic velo- 
city, the resonant frequencies will track if viscous damping 
effects are not significant. Viscous damping will be most 
significant in the entrance port to the Helmholtz rejisonator. 
Therefore, the Helmholtz resonator must be designed with the 
diameter of the entrance port at a maximum, consistent with 
the geometrical constraints imposed by the packaging design. 


r^- 
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.2 Plans for May 

The plans are as follows: 

- Close this task. 

3.0 Schedule -- See Attachment *B'. 

As reported In Section 2.2.1, the task "Silicon Resibcor Characterization 
at Cryogenic Temperature" was not completed in March as planned. The 
delay in completing this task was achieving an operational status of the 
Helium Cryostat. The cryostat is operational now and the cryogenic testing 
is underway. Given that the cryostat continues to perform properly, it is 
estimated that the testing and data acquisition will be completed in May 
1984, and the data reduce,^ displayed a dose selection completed by June 
1984. 

The design task for the feasbility sensor has taken longer than expected 
because of the supporting work performed to assure, from mechanical and 
pressure sensitivity aspects, that this technology can be used to develop 
the 9,000 psi SSME sensor. There f^ay be a schedule impact relative to 
completing the "Feasibility Evaluation Task" (2.6.1 on Attachment 'B'). 

A replan is in progress to minimize any schedule impacts. A more defina- 
tive schedule assessment will be available in the next report. 
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§ Frequency Response 

- Task Completed Per Plan 

- Design Guidelines Established 

0 Increased Frequency Response 
0 Reduce Magnitude Of Undesirable Resources 
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IMPACT OF RESOLUTION PLANS FOR TECHNICAL ISSUES SHOULD 

Available By End-April 
EAC (Contract): 9/85 
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Attachment "F" 
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Silicon To Pyrex Cover Glass 

- Both Surfaces Metalized: Ti/Pt/Au 

- Solder: Pb/Sn/Ag 






ATTACHMENT "H" 


Two stnbor cHip dcsifjrib that sdtis^y tht* 20,000 psi overpressure 
rating. 
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ATTACHMENT "K'-l 

COMPARISON OF TWO SENSOR DESIGNS 


— 

Sensor Design 
Concept 

Advantages 

Disadvantages 

100 MIL thick silicon 
chip with etched 
diaphragm (15 MIL 
thick, 20 MIL radius) 

• Packaging process can 
have larger toler- 
ances . 

• Metal pads in lower 
surface stress region. 

• Wi re bond sites i n 
more conventional 
location. 

- 0.0001" displace- 
ment with pressure 
application. 

- Wire bonds in Ipwer 
surface stress 

regi on. 

• Use 100 MIL thick 
wafers used for Class 
41 Sensor ■» no special 
wafer order. 

• Less sensitivity - 
smaller output signal 

• Anisotropic etch develop- 
ment required. 

• Long backside processing 
procedure - about 30 
hours to etch diaphragms. 

• Lower die yield due to 
backside processing 

35 MIL thick silicon 
slab. 

• More sensitive - 
larger output signal . 

• Easier to fabricate 

- No etching process 
development 

- No back side 
processing. 

• Larger die yield - no 
backside processing. 

• Special wafer order - 
up to sixteen weeks for 
delivery. 

• Metal pads in high 
surface stress region. 

• Wire bonds near center 
of diaphragm. 

- 0.0002 to 0.0003" 
Displacement with 
pressure application. 

- Wire bonds in high 
surface stress region. 

• Requires tighter 
tolerance on packaging 
steps (chip to support 
placement). 






Un- LENGTH OF sensor HOUSING CAViT'f 





P C SENSOR ) yp C CHAMBER ) 


fl[cOU«TIC PlR«SSURt pRCCaUJCWCV Rcsvon&c of tv^c 

M^UNTiNir Tnterfacc/Siwsou. Housing System 



FREQUENCY, HZ 

RADI us, CM LENGTH, CM 

A( 1 )- .451 L( 1 )- 2.425 

A< 2 )- .762 L( 2 >■ .305 

A( 3 )■ .559 L< 3 >- 1.27 
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PCsINSOR)* ficOU^TIC PRESSURE RT POINT 1 
PCcWRfMQrW) * RcOUSTIC PREJrSUTtE AT POINT 2 




ATTACHMENT "M 


NASA PRESSURE TRANSDUCER PROGRAM 


Acoustic Pressure F-requeOcv *^esfonse oi= thC SSrOE t'OouNTiMG- 

llNlTERFRCE WITW A SuORTET^. SekJSCTR HoUSltOCr 
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RADIUS, CM 
A( 1 )= .451 
A( 2 >= .762 
A< 3 >« .559 


2000 4000 6000 6000 10000 

FREQUENCY, HZ 

LENGTH, CM 
L< 1 )= 1 
L( 2 )? .305 
L( 3 )» 1.27 
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PCSENSOU)* ficoUVTiC PRESSURE AT POINT 1 
PCcHANIBTR'I * f^COUSTIC PRESSURE AT POINT 2 




P ( SENSOR ) yp ( CHHMBEP ) 


ATTACHMENT "N" 


NASA PRESSURE TRANSDUCER PROGRAM 


’Acoustic Prcs^ur*: Rcspowsr op the 

SSTOE MourOTiwcr Tnterfrce/ Sensor Hous^wG- 
WITH fK T?Et>ucro 'Dmms-TRR Connecting- Port 



y ¥ 


RAD I us, CM 
A< I >« .451 
A( 2 ) •= .1 
A< 3 )«= .762 
A( 4 )= .559 


LENGTH, CM 
U I )* 2 
L( 2 )■ .425 
L( 3 .305 

L( 4 )- 1.27 
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PCSENSOH^* PCOUVTIC PRESSURE RT POINT 1 

PCcwawberW Bcoustic pressure at point E 



ATTACHMENT "0" 
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1 <?E? 


Oxygen) at 
T = 273 X 
•T» - 10^ OYWe /CN\^ 
/ACOUSTIC VEUOCITV 
cfn^sEc. 


RADIUS . CM 

A c 1 _ J = . 4 5 i 

pi' 2 •• = ?62 

A'.. 3 ’■*= 55A 


length,, cm 

L-:' 1 )= 2 , 425 
L< 2 >= .305 
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0E3 


OxyGEJO GRS AT 
-r= I 7 S- K 

p = 10 ^ C>YN^ /ctn^ 
Rcdustk velocity 
2S/9S crr\ /ss<L 


RADIUS.. CM 
R( 1 >= .451 
AC £ >= .762 
FK 3 ■)= .55:41 


length.. CM 
L< 1 >= 2.425 
L C 2 ) = ,305 
L'.: 3 ■>= 1,27 


AcovA^-nc V^tQvevjcv ^^spotJs'B of 

SyOOE rAOVAMTlMG / seiOSO^. 'k\0\A^\tOGr ^V^TEfA 
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ATTACHMENT "P" 


NASA PRESSURE TRANSDUCER PROGRAM 


Acoustic Pressure PrequeNcv Response 
OF a ‘HELr>O-rt0LT2L "ReS01N»:\T 



RADI us, CM 
A-< 1 )« .39 
A( 2 )- .03 


LENGTH, Cn 
L( 1 )•= .216 
L< 2 )- .125 



HELtnWOLTZ ResOV^TOR 

P(SENSOR'>* fic0U«;TIC PRESS U-RE AT ?OlMT 1 
P(CHRKlBER^=f)cOUST\t PRESSUvRE RT PoitaT 2 . 


2 • Ril) 




NASA PRESSURE TRANSDUCER PROGRAM 


Acoustic pRcqUENcy Response op tue SSME Mounting- 

iNTERPRCt/SENSOR HoUSING- WITH R HeLMMOLT* ReSONRTOR SiDE CxdmBFR 



RADIUS, CM LENGTH. CM 

A< 1 )■ .451 L( 1 )« .425 

HELMHOLTZ RESONATOR SIDE RORT 
A( 3 )■ .451 L< 3 )■ 2 

A< 4 >» .762 ' L< 4 )■ .305 



PCSKNSOR^« ficoU^Tlt PRESSURE RT POINT 1 
PCcWRWBEp'i* RcOUSTIC PPE^U-RE AT POINT Z 




